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Abstract: We observe entanglement between photons in controlled-supe
position states of orbital angular momentum (OAM). By dnagva direct
analogy between OAM and polarization states of light, we aestrate
the entangled nature of high order OAM states generated dytapeous
downconversion through violation of a suitable Clauser rtéoShimony
Holt (CHSH)-Bell inequality. We demonstrate this violatim a number of
two-dimensional subspaces of the higher dimensional OAMéii space.

© 2009 Optical Society of America
OCI Scodes: (270.0270) Quantum optics; (070.6120) Spatial light mathrs

References and links

1.

10.

11.

12.

M. Nielsen and I. L. ChuandQuantum Computation and Quantum Information (Cambridge University Press,
Cambridge, 2000).

. M. B. Plenio and S. Virmani, Quantum Information and Coiapan7, 1 (2007).
. A. Aspect, P. Grangier, and G. Roger, “Experimental TeSRealistic Local Theories via Bell's Theorem,” Phys.

Rev. Lett.47, 460-463 (1981).

. A. Aspect, P. Grangier, and G. Roger, “Experimental Ra#ibn of Einstein-Podolsky-Rosen-Bohm Gedanken-

experiment: A New Violation of Bell's Inequalities,” PhyRev. Lett.49, 91-94 (1982).

. P. G. Kwiat, A. M. Steinberg, and R. Y. Chiao, “High-vidityi interference in a Bell-inequality experiment for

energy and time,” Phys. Rev. 47, R2472-R2475 (1993)

. J. G. Rarity and P. R. Tapster, “Experimental violatiomefls inequality based on phase and momentum,” Phys.

Rev. Lett.64, 2495 - 2498 (1990).

. J. C. Howell, R. S. Bennink, S. J. Bentley, and R. W. Boyd&HRzation of the Einstein-Podolsky-Rosen Paradox

Using Momentum- and Position-Entangled Photons from Spmaus Parametric Down Conversion,” Phys. Rev.
Lett. 92, 210403 (2004).

. D. V. Strekalov, A. V. Sergienko, D. N. Klyshko, and Y. H.i8H'Observation of Two-Photon “Ghost Interference

and Diffraction,” Phys. Rev. Let#4, 3600 - 3603 (1995).

. S. P. Walborn, D. S. Tasca, M. P. Aimeida, P. Pellat-Fi@etd. Monken, and P. H. Souto Ribeiro, “Violation of

Bell's Inequality with Continuous Variables and FractibRaurier Transforms,” arXiv:quant-ph/061214 (2006)
T. Yarnall, A. F. Abouraddy, B. E. A. Saleh, and M. C. Teitlxperimental Violation of Bell's Inequality in
Spatial-Parity Space,” Phys. Rev. L&, 170408, (2007)

L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. &itman, “Orbital angular momentum of light and
the transformation of Laguerre-Gaussian laser modes 8.HRgv. A.45, 8185 - 8189 (1992).

A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, “Entangient of Orbital Angular Momentum States of Photons,”
Nature412, 313-316 (2001).

#107887 - $15.00 USD Received 23 Feb 2009; revised 20 Mar 2009; accepted 20 Apr 2009; published 30 April 2009
(C) 2009 OSA 11 May 2009/ Vol. 17, No. 10/ OPTICS EXPRESS 8287



13. A. Vaziri, G. Weihs, and A. Zeilinger, “Experimental TviRhoton, Three-Dimensional Entanglement for Quan-
tum Communication,” Phys. Rev. Le89, 240401 (2002).

14. M. Stotz, S. Groblacher, T. Jennewein, and A. Zeilintjdow to create and detect N-dimensional entangled
photons with an active phase hologram,” Appl. Phys. 19§1t.261114 (2007).

15. S.S.R. Oemrawsingh, X. Ma, D. \oigt, A. Aiello, E. R. Eli&. W. t Hooft, and J. P. Woerdman, “Experimental
Demonstration of Fractional Orbital Angular Momentum Ergiement of Two Photons,” Phys. Rev. Le3b,
240501 (2005).

16. A. Aiello, S. S. R. Oemrawsingh, E. R. Eliel, and J. P. Wlogan, “Nonlocality of high-dimensional two-photon
orbital angular momentum states,” Phys. Rev5A052114, (2005)

17. J. B. Pors, S. S. R. Oemrawsingh, A. Aiello, M. P. van EX@erR. Eliel, G. W. t Hooft, and J. P. Woerdman,
“Shannon Dimensionality of Quantum Channels and Its Ajgilim to Photon Entanglement,” Phys. Rev. Lett.
101, 120502 (2008).

18. J. T. Barreiro, N. K. Langford, N. A. Peters, and Paul G.ié¢w'Generation of Hyperentangled Photon Pairs,”
Phys. Rev. Lett95, 260501 (2005).

19. N. K. Langford, R. B. Dalton, M. D. Harvey, J. L. O'Brien,. @. Pryde, A. Gilchrist, S. D. Bartlett, and A. G.
White, “Measuring Entangled Qutrits and Their Use for QuamBit Commitment,” Phys. Rev. Let®3, 053601,
(2004).

20. S. Franke-Arnold, L. Allen, and M. Padgett, “Advancesjtical angular momentum,” Laser & Photon. R2y.
299 - 313 (2008).

21. L. Allen, J. Courtial, and M. J. Padgett, “Matrix formtitam for the propagation of light beams with orbital and
spin angular momenta,” Phys. Rev6g, 7497-7503 (1999).

22. M.J.Padgett and J. Courtial, “Poincare-sphere eanvébr light beams containing orbital angular momentum,”
Opt. Lett.24, 430 - 432 (1999).

23. G. Molina-Terriza, J. P. Torres, and L. Torner, “Managatrof the Angular Momentum of Light: Preparation of
Photons in Multidimensional Vector States of Angular Motoen,” Phys. Rev. Lett88, 013601 (2001).

24. A.K.Jha, B. Jack, E. Yao, J. Leach, R. W. Boyd, G. S. BueM. Barnett, S. Franke-Arnold, and M. J. Padgett,
“Fourier relationship between the angle and angular monmemtf entangled photons,” Phys. Rev78, 043810
(2008).

25. B. Jack, M. J. Padgett, and S. Franke-Arnold, “Angulératition,” New J. Phys10, 103013 (2008).

26. S.P.Walborn, A. N. de Oliveira, R. S. Thebaldi, and C. kbnlken, “Entanglement and conservation of orbital
angular momentum in spontaneous parametric down-coovet$thys. Rev. 469, 023811 (2004).

27. J. P. Torres, A. Alexandrescu, and L. Torner, “Quantuiraspandwidth of entangled two-photon states,” Phys.
Rev. A.68, 050301 (2003).

28. S. Franke-Arnold, S. M. Barnett, M. J. Padgett, and Le@ll“Two-photon entanglement of orbital angular
momentum states,” Phys. Rev. 85, 033823 (2002).

29. J. S. Bell, Physics (Long Island City, N.1.)195 (1965).

30. J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, “pesed Experiment to Test Local Hidden-Variable
Theories,” Phys. Rev. Let?3, 880-884 (1969).

31. S.J. Freedman and J. F. Clauser, “Experimental Test cdllldidden-Variable Theories,” Phys. Rev. L&,
938 - 941 (1972).

32. J. F. Clauser and M. A. Horne, “Experimental consequent®bjective local theories,” Phys. Rev.1D, 526-
535 (1974).

33. D. Collins, N. Gisin, N. Linden, S. Massar, and S. Popg4gell Inequalities for Arbitrarily High-Dimensional
Systems,” Phys. Rev. LeB8, 040404 (2002).

34. M.T. Gruneisen, W. A. Miller, R. C. Dymale, and A. M. SwgiHolographic generation of complex fields with
spatial light modulators: application to quantum key distiion,” Appl. Opt.47, 4, A32-A42, (2008).

Entanglement is the quintessential quantum phenomensogiased with the non-classical
correlations between separate quantum systems. It is diéwegeasingly as a resource for
guantum communications and the processing of quanturmivetion [1]. Quantifying the de-
gree of entanglement is a pressing challenge for quantusmiration theory [2]. Polarization
formed the basis of much of the early work on quantum entamgie and related paradoxes
[3, 4]. Since then, other experiments have been developeldding correlation measurements
between time and energy [5], momentum and position [6, Atialdistributions [8, 9, 10] and
the orbital angular momentum of light [11, 12, 13, 14, 15,1§,,19].

It is now well recognized that in addition to the spin anguteymentum, characterized by
its polarization, light may carry orbital angular moment(@AM). The OAM eigenstates are
characterized by helical phasefronts described byiégp, where@ is the azimuthal angle
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[20]. It is possible to construct matrices that describagfarmations and superpositions of
orthogonal OAM states [21] and to project these onto twoetigional subspaces that can be
represented by a Bloch sphere, equivalent to the Poinpaigrs for polarization [22, 19], see
Fig. 1. Unlike polarization, which is described within a ddomensional Hilbert-space, OAM
has an unbounded number of orthogonal states potentiédisirog a way of inscribing quantum
information in a high-dimensional basis [23].
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Fig. 1. Bloch spheres for (a) polarization and (b) OAMZ2)) states. The sphere for OAM
states shows the phase structure (grayscale) of the rélenates. The states on the sphere
are expressed solely in terms of their azimuthal phase/fielue) without any reference
to their radial dependence.

In 2001 Zeilinger and co-workers reported the first coriefameasurements on OAM states.
They showed that conservation of the transverse momenttiimvpiarametric downconversion
leads to a correlation between the OAM states of the sigrihldiar beams, which they meas-
ured holographically [12]. Deliberate displacement of leéograms showed that these corre-
lations persisted for superposition states, indicativguzintum entanglement. The same group
demonstrated a violation of a Bell inequality in a three-giimsional OAM subspace again by
using displaced holograms [13]. Subsequent work by Woendamal co-workers has shown
correlations between fractional OAM states as measuretyusigular phaseplates [15, 16].
These phaseplates have also been used to determine therrafrdlmeensions over which the
OAM is entangled [17]. OAM entanglement has been combinéd polarization and energy-
time entanglement to produce hyper-entangled photon,paitis the entanglement of each
degree of freedom, demonstrated by violation of a suitaleléiBequality [18]. Most recently
we have demonstrated a Fourier-relationship between thle and angular momentum of the
entangled photons. Defining the angular distribution of pheton influences, if measured in
coincidence, the OAM spectrum of the other. The coincidexmemt rate is determined by the
Fourier transform of the aperture function [24].

In this letter, we utilize and extend the analogy that exigtsveen polarization and OAM to
two-photon entanglement. By using computer designed halog, we can generate arbitrary
two-photon states entangled within a two-dimensional OANMspace. This reduction to two-
dimensions, and hence to dichotomous variables, is eatanorder to complete the analogy
with polarization and to demonstrate a conflict with the agstions underlying Bell's inequal-
ity. We demonstrate the entangled nature of these OAM sopéipn states through violation
of a suitable Clauser Horne Shimony Holt (CHSH)-Bell indgua

In earlier work [22], the modified Poincaré sphere was useatkscribe Laguerre-Gaussian
modes with? = +1 which, when added in equal weights, give a Hermite-Gangsiade. In
that case, the surface of the sphere maps out all possibéemgitons of these modes, i.e. a
2-dimensional OAM subspace. This approach can be extendattbmpass superpositions of
helically phased modes of any order. For a given order, mpdésand|—¢) are represented
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Fig. 2. Schematic of experimental apparatus for using apigght modulators to measure
the correlations in orbital states of down-converted phsto

by the north and the south poles on the Bloch sphere. An ggwalighted superposition of
|+¢) and|—¢) with an arbitrary relative phase is represented by a poamgthe equator. In an
analogous fashion to the polarization states, the supiigrasgiven by

_ 1
V2

are represented by points along the equator. For the spasialwheré = 1, these modes are
rotated Hermite-Gaussian modes, where the afigédates to their orientation. More generally,
the |8) modes are not pure Hermite-Gaussian modes but they Hasec®ors of alternating
phases [25], and in this paper we refer to theseeasor states. Figure 1b shows the phase
distribution of a sector state formed py2) and|—2) modes. These sector states are equivalent
to the linear polarization states that lie on the equatoefRoincaré sphere. The analogy
between polarization and OAM suggests a methodology fastigating entanglementin OAM
as others have done previously for polarization [3, 4].

In spontaneous parametric downconversion (SPDC) a puntpiplhets down-convertedto a
pair of signal and idler photons. When the pump is a Gausgambthe state of the two-photon
field produced by SPDC can be written as [26]:

6) (€°0)+0) +e78|—p)) 1)

n=-+o0

W) =S caln)d-n)i. @

N=—oo

Heres andi stand for signal and idler respective|p) denotes the OAM eigenmode of order
n and|c,|? is the probability to generate a photon pair with OAMh. Due to conservation of
angular momentum, if the signal photon is in mode giveriythen idler photon can only
be in mode given by—n), with an associated probability amplitude[12, 28, 27]. From the
symmetry of the SPDC process, we can infer that c_p,.

In order to quantify the entanglement, we must demonsthatedorrelations of the signal
and idler persist for superposition states. For this, wedadhe photons in the sector states
defined by Eq. 1 oriented at different angsand 6z respectively. Using Eq.(1) and (2), the
coincidence rat€(6p, 6z) for detecting one photon in sector stéfie) and the other in6g) is
then given by

C(6a,68) = |(6al(Bg||W)[* O cOS[¢(6a— 68)]. ®)

The high-visibility sinusoidal fringes of this joint probdity are the signature of two-
dimensional entanglement. Any modal impurities will defgr#he entangled nature of the state
such that the visibility of the fringes will would be reduced

Figure 2 shows our experimental arrangement. Our downegsion source is a frequency-
tripled, mode-locked Nd-YAG laser with an average outpuv@oof 150 mW at 355 nm.

#107887 - $15.00 USD Received 23 Feb 2009; revised 20 Mar 2009; accepted 20 Apr 2009; published 30 April 2009
(C) 2009 OSA 11 May 2009/ Vol. 17, No. 10/ OPTICS EXPRESS 8290



C(04.08)

/4 2 3m/4 T 4 2 3n/4 T
Angle of hologram B, g Angle of hologram B, 0p

n/4 2 3m/3 T
Angle of hologram B, 0p

Fig. 3. The relative coincidence count as a function of ihedabrientation of the sector
apertures. The measured count rates were normaliz&d the denominator in equ 6. Itis
the coincidence counts at orientatiofis= 0,6 = 7,0, = 75 and6g = %7" which show

the largest violation of the Bell inequality.

The collimated output beam is normally incident on a 3 mm I&BO crystal, which is
cut for degenerate type-I non-collinear phase-matchirly wisemi-cone angle for the down-
converted beams of4The single-photon detection is accomplished using ddagia modu-
lators (SLMs, Hamamatsu), which are used to definestiotor state by modifying the spatial
profile of the signal and idler beams, followed by avalanchetp-diodes coupled to single-
mode fibers. The fiber facets are imaged to the plane of the Sthish in turn are imaged
onto the non-linear crystal so that they overlap with eatieioand are centered on the pump
beam. If one considers the single-mode fibers as “mode-qimg, the ratio between the waist
of the pump beam upon the crystal and the waist of the singldeniiber projected to this
plane approximately 1. This ratio is chosen in order to masénthe collection of the down-
converted light. The TTL pulses from the two detectors adetdea counter with a time resolu-
tion At = 25ns, from which the coincidence counts are logged.

The sector states are experimentally defined by phase agedn the SLMs. These phase
apertures serve to select the two-dimensional subspacadaras analyzers for these states
when their relative orientation is changed. As the SLMs a®eduas phase only devices and
do not control the intensity profile of the beam, the sectatest they define generate small
contributions associated with higher ordesomponents. However as the angular distribution
of modes generated in the down conversion process is ligikedcontribution from these
higher order sidebands is extremely low. The two-photote gtast-selected by the two angular
apertures is very close that desired and can therefore bexapated by:

1
V2

The above state is normalized within the chosen subspads anthngled in OAM. By choos-
ing the number of sectors in a phase aperture an entangtedngth any givery can be pre-

[W)e = —5[10s|=0)i + |=0)s[)i] (4)
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pared.

Figure 3 shows the recorded coincidence fringes for thengietd stateg)», |¢)s and|)4
where the phase aperture on SLM B is rotated with respectetpliase aperture on SLM A.
The angle between our phase patterns is equivalent to tHe batyween polarizers used in
experiments that demonstrate a Bell inequality violationgdolarization. By fixing the angle
6a and scanning the hologram in chanBdbr anglesfz = 0 to 2ir we observe a sinusoidally
varying coincidence rate, which is the signature of Belleyexperiments, see Fig 3. The
dependance of the 2-dimensional entangled state showsthp iperiodicity of the recorded
fringe patterns. While for polarisation, the repetitiorgkmis 17, in our case, the periodicity is
/¢

The sinusoidal behaviour of the coincidence rate followsatly from quantum mechanics
by overlapping different sector states, see Eq. 3. Bell'syooved that such behaviour can not
be simulated by any classical theory based on local hid@giales [29]. Interestingly, correla-
tions between orthogonal states can be simulated by cdssiaelations, whereas correlations
between certain superposition states can be stronger ldssiaally allowed. The deviation of
a quantum experiment from classical local theory can be unedsn terms of Bell's inequality.
A commonly used variant of Bell's inequality is the symmsdd version devised by Clauser,
Horne and Shimony and Holt (CHSH) [30, 31, 32]. For our experits, wheré, and6g are
the angles of the phase masks on the SLMs, we define the Balhe&erSto be,

S=E(6a,68) — E(n, 6) +E(6a, 08) + E(64, 65) ®)

The inequality is violated for values ¢8| which are greater than E (64, 6g) is calculated
from the coincidence rates at particular orientations,

~ C(6a,68) +C(6a+ 2,68+ 27) —C(6a+ 25, 68) — C(6a, 05+ 37)
~ C(6a.08) +C(Ba+ .68+ ) + C(Oa+ 5. 08) + C(6a. O5 + )

For a given entangled stalg),, the inequality is maximally violated for example whén=
0,68 = g,6,= 7 and 65 = %{. Table | gives the measured values®#4t these angles and
shows a clear violation of the inequality for all the measisebspaces. We should point out at
that our experimental configuration does not satisfy thelitmms required to avoid the remote
measurement nor fair sampling loop-holes. Whilst the naditin for the experiment was not
concerned with these loop-holes, improvements the ovgualhtum efficiencies (detectors and
SLMs) and the location of our detectors could allow us to adslithese issues.

E(6a, 68) (6)

Table 1. Different entangled statgs); and the associated measured valu8.d@ value of
|S| > 2 violates the CHSH inequality.

Entangled statd S Violation by o
)2 2.69+ 0.02 35
[W)s 2.55+ 0.04 14
[W)a 2.33+ 0.07 5

We have observed entanglement between sector states whkicuperpositions of OAM
states. By drawing a direct analogy between polarizatiah@AM we have demonstrated a
violation of a Bell inequality for various 2-dimensionaltspaces of the unbounded OAM
Hilbert space by up to 35 standard deviations. Bell inegjealhave been formulated for higher-
dimensional spaces [33, 13] and entangled OAM states pEa@nddeal system with which to
test these more general inequalities. Our technique allonthe precise control of the prepa-
ration of entangled two-photon states relevant to quantmputing and telecommunications
systems [14, 34].
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